In higher plants, light is crucial for regulation of nitrate uptake, translocation and assimilation into organic compounds. Part of this metabolism is tightly coupled to photosynthesis because the enzymes involved, nitrite reductase and glutamate synthase, are localized to the chloroplasts and receive reducing power from photosynthetic electron transport. However, important enzymes in nitrate acquisition and reduction are localized to cellular compartments other than chloroplasts and are also up-regulated by light, i.e. transporters in cell and organellar membranes and nitrate reductase in the cytosol. This review describes the different light-dependent signalling cascades regulating nitrate metabolism at the transcriptional as well as post-transcriptional level, and how reactions in different compartments of the cell are coordinated. Essential players in this network are phytochrome and HY5 (long hypocotyls 5)/HYH (HY5 homologue)-dependent signalling pathways, the energy-related AMPK (AMP-activated protein kinase) protein kinase homologue SNRK1 (sucrose nonfermenting kinase 1-related kinase), chloroplastic thioredoxins and the prokaryotically originated PII protein. A complex lightdependent network of regulation emerges, which appears to be necessary for optimal nitrogen assimilation and for avoiding the accumulation of toxic intermediates and side products, such as nitrite and reactive oxygen compounds.
INTRODUCTION
Nitrogen is the chemical element most often limiting in plant growth and is an important cost-input factor in agriculture. Nitrate, the most common nitrogen source for crop plants, is essential for high yield. However, nitrate is also undesirable at high concentrations in the soil and water, owing to environmental concerns and health risks. Efficient acquisition and metabolism of nitrate by plants is crucial for crop production, and light is a key component in the regulation of these processes. Another crucial component for regulation of nitrogen assimilation is nitrate itself. The latter will not be dealt with in the present review, but has been covered in other recent reviews [1, 2] After germination, it is of vital importance that the emerging seedling is rapidly prepared for photosynthetic active life before the nutrients supplied by the seed are consumed. Along with the development of chloroplasts and the photosynthetic apparatus, the seedling also develops the capacity for nitrate assimilation. Recently, bZIP (basic leucine zipper) transcription factors involved in light signalling to nitrate metabolism were revealed [3] , but their exact functions in the process awaits examination. Activation of light-sensitive signalling pathways in the seedlings leads to profound changes in gene-transcription activities [4] . Later in the plant's life, i.e. in green leaves, light will still influence gene transcription, but not necessarily through the same set of genes as in seedlings. Although transcript levels of many genes show extensive diurnal variations in leaves, the corresponding protein levels are often fairly constant [5] . Post-translational mechanisms are, therefore, essential for adaptation of metabolism to daily light/dark shifts or rapid changes in light intensity. Both protein dephosphorylation and interactions with TRXs (thioredoxins) are involved in light-enhanced nitrate assimilation [6, 7] . Compartmentation of metabolites is necessary for compound storage, for avoidance of toxic reactions and generally for regulation of metabolism. Nitrate is stored in the vacuole, reduced to nitrite in the cytosol, and further reduced to ammonia, followed by incorporation into amino acids in the chloroplasts. A photosynthesis-dependent signal, still not identified, travels rapidly from the chloroplast to the cytosol and activates NR (nitrate reductase). This activation involves direct dephosphorylation of NR, and probably dephosphorylation of an AMPK (AMPactivated protein kinase)/SNF1 (sucrose non-fermenting kinase 1)-like kinase, which would otherwise favour inactivation of NR [8] . Through the AMPK/SNF1-like kinase, the signalling pathway is connected to components of conserved eukaryotic sugar sensing [9] , and it is becoming clear that in plants this type of kinase also responds to energy status [10] .
Signalling pathways involving the PII proteins, a protein which is widespread among prokaryotes, were recently found to be involved in the regulation of nitrogen metabolism and translocation of nitrite in chloroplasts [11] . Intracellular nitrate and nitrite transport is also influenced by light, and the newly identified transporters in the vacuole and chloroplast should encourage investigators to gain further insight into these processes [12, 13] . In this review, important light-induced signalling pathways and regulation enhancing nitrate translocation, assimilation and metabolism are presented, with emphasis on recent developments in the field.
LIGHT SIGNALS PERCEIVED BY THE PHYTOCHROME PHOTO-RECEPTORS PREPARE THE SEEDLING FOR AUTOTROPHIC LIFE
Phytochromes were first discovered in plants in 1959, and also in bacteria, cyanobacteria and fungi [14, 15] . All phytochromes bind Abbreviations used: AMPK, AMP-activated protein kinase; bZIP, basic leucine zipper; CK2, casein kinase 2; COP1, constitutive photomorphogenesis 1; CsNITR, Cucumis sativus nitrite transporter, DiT1, dicarboxylate translocator 1; Fd, ferredoxin; HY5, long hypocotyls 5; HYH, HY5 homologue; GOGAT, Fd-dependent glutamate synthase; GS, glutamine synthetase; NR, nitrate reductase; NIR, nitrite reductase; PP5, protein phosphatase 5; PP6, protein phosphatase 6; PP2A, protein phosphatase 2A; PP2C, protein phosphatase 2C; Pfr, far-red-light-absorbing form of phytochrome; phyA, phytochrome A; Pr, red-light-absorbing form of phytochrome; SNF1, sucrose non-fermenting kinase 1; SNRK1, SNF1-related kinase; TRX, thioredoxin. 1 To whom correspondence should be addressed (email cathrine.lillo@uis.no).
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C. Lillo a linear tetrapyrrole chromophore in the N-terminal region, and have a histidine-kinase-related domain in the C-terminal region. In plants, phytochromes are important red-light receptors for initiating the de-etiolation process. After germination, even weak light signals, which do not support photosynthesis, will switch on a developmental programme to transform colourless etioplasts into green chloroplasts and generally prepare the plastids for their tasks. This de-etiolation has been investigated intensively for several decades, and Arabidopsis, with its many knockout mutants, has become an excellent tool that enables the study of the functionality of the genes involved. Phytochromes compose a small gene family in higher plants, and Arabidopsis has five different phytochrome genes PHYA-PHYE. Plant phytochromes transform into an active form in response to (low-intensity) light perception, and full activation appears to involve dephosphorylation of a serine residue in the hinge between the chromophore-binding domain and the regulatory domain [16] . Phytochromes can enter the nucleus and interact with transcription factors and different protein complexes to regulate transcription of a large number of genes [17] . In darkgrown seedlings, native phyA (phytochrome A) and GFP (green fluorescent protein)-coupled phyA are distributed throughout the cytosol. A brief pulse of far-red, red, blue or white light induces nuclear import and subsequent formation of nuclear bodies containing phyA. Continuous far-red light also induces this nuclear import and formation of nuclear bodies [17] .
Many downstream components of phytochromes in the signalling pathways have been identified [18, 19] . For example, the bZIP transcription factor HY5 (long hypocotyls 5), and its homologue HYH (HY5 homologue) are downstream of phytochromes, as well as being downstream of the blue-light-absorbing cryptochromes. However, not all phytochrome effects involve HY5/HYH, demonstrating that distinct signal-transduction chains from phytochromes exist [18] . Much attention has been given to the influence of phytochrome signalling on photosyntheticrelated genes. However, recent research with Arabidopsis as well as research performed decades ago reports phytochromemediated effects on enzymes involved in nitrogen assimilation. In different plant species, at least three genes which encode enzymes of primary nitrogen metabolism, NR, GS (glutamine synthetase) 2 and GOGAT [Fd (ferredoxin)-dependent glutamate synthase], are repeatedly found to be light-induced in parallel with genes involved in photosynthesis [3, 4, 20, 21] . HY5 and HYH were found to be essential for phytochrome-mediated light-activated expression of NR, thus showing common elements in signal transduction chains related to carbon and nitrogen metabolism [3] . HY5/HYH may be direct activators of NR (NR2) transcription, since the NR2 promoter (500 bp region) was shown to have two binding sites for HY5 in ChIP-on-chip analysis [22] .
Studies some years ago had shown that the protein phosphatase inhibitors okadaic acid and microcystin prevented greening in etiolated maize, and expression of several photosynthesis-related genes were inhibited by okadaic acid in rice [23, 24] . In leaves of spinach, maize and rice, okadaic acid and microcystin were clearly shown to influence NR mRNA and NR protein levels [25] [26] [27] . In maize, okadaic acid completely inhibited the lightinduced increase in NR mRNA level [28] . Also in barley protoplasts, okadaic acid resulted in decreased NR expression. After 1-2 h incubation with okadaic acid in light, the NR level in barley protoplasts decreased by approx. 25 % (C. Lillo, unpublished work). This effect of okadaic acid was additional to the effect on the phosphorylation state in NR itself [29] . In work with excised rice leaves, Ali et al. [27] showed that okadaic acid acted as an inhibitor of high NR enzyme levels only during illumination, not in darkness. The Pr is converted into a more active form, Pfr. Pfr can be phosphorylated (P), but is more active in its dephosphorylated form. Several downstream components of phytochrome are known, and HY5/HYH are common in various signalling pathways. HY5 and its homologue HYH are phosphoproteins, but bind more strongly to promoter regions when dephosphorylated. Expression of NR and many genes involved in photosynthesis are promoted by light absorbed by phytochrome and mediated through HY5/HYH. NIR, GS and GOGAT are also induced during de-etiolation in many plants, involving phytochrome, but not necessarily involving HY5/HYH. Light acting through photosynthesis also stimulates expression of genes in nitrate uptake, translocation and assimilation through different sugar-signalling chains. NITR, nitrite transporter; NRT, nitrate transporter.
inhibition of NR activation at the transcriptional/translational level by okadaic acid and microcystin may possibly be based on the properties of phytochromes and HY5/HYH. Phytochromes are (auto-) phosphorylated at several serine residues, and dephosphorylated by a PP5 (protein phosphatase 5), and a PP6 (protein phosphatase 6) may also be involved [16, 30, 31] . A model, consistent with the various experimental findings, depicts phytochromes in three different stages [Pr (red-lightabsorbing form of phytochrome), phosphorylated Pfr (far-redlight-absorbing form of phytochrome) and dephosphorylated Pfr] was proposed by Ryu et al. [16] . The flux of lightdependent information and signalling would increase with conversion from Pr into phosphorylated Pfr, and further increase with Pfr dephosphorylation. Different types of phosphatase are inhibited by okadaic acid and are therefore candidates for being involved in signalling from phytochromes, i.e. PP1 (protein phosphatase 1), PP2A (protein phosphatase 2A), PP5, PP6 and BSU1 [31] . In view of the recently reported involvement of HY5 and HYH as positive regulators of NR expression [3] , an additional explanation for okadaic acid effects on NR can be anticipated. Since unphosphorylated HY5 binds more strongly than phosphorylated HY5 to its target promoters [32] , dephosphorylation of HY5/HYH may possibly strengthen the light signal ( Figure 1 ). CK2 (casein kinase 2) is suggested to be responsible for the phosphorylation of HY5. This is underpinned by a conserved putative CK2 phosphorylation site located in the N-terminus of HY5 [33] . The HY5-specific kinase activity was found to be enriched via heparin-Sepharose chromatography, and also fulfilled several criteria characteristic of CK2; the efficiency of GTP as a phosphate donor instead of ATP, inhibition by low amounts of heparin and the specific CK2 inhibitor DRB (dichlororibofuranosylbenzimidazole). HYH has 49 % overall amino-acid identity with HY5. Although the N-terminal half of the proteins are less conserved, the sequence motifs identified in HY5 as a COP1 (constitutive photomorphogenesis 1)-interacting motif and a CK2 phosphorylation site are conserved in HYH. Most probably both HY5 and HYH are targets of phosphorylation/ dephosphorylation [34] . An important feature of phytochrome is to interact with COP1 in the nucleus. COP1 would otherwise target (phosphorylated) HY5/HYH for degradation. In conclusion, dephosphorylation appears to be involved in the signalling pathway from phytochrome, which results in increased NR transcript and protein levels. This constitutes an interesting parallel with the well-established activation of NR by phosphatases at the enzyme level. The results suggest that phosphatases may have a unifying role in the activation of NR at different levels, but this hypothesis still needs investigation.
Interestingly, the nitrate uptake gene NRT1.1, which is mainly expressed in the roots, has three binding sites for HY5 in the promoter region [22] , but in this case HY5/HYH appear to be negative regulators of expression (E. M. Jonassen and C. Lillo, unpublished work). Light effects, mediated through products of photosynthesis, interact with the phytochrome signalling pathways and generally stimulate expression of genes involved in nitrogen uptake and assimilation ( Figure 1 ). These interactions are still not well understood [35, 36] .
DAILY ENHANCEMENT OF NITRATE ASSIMILATION RESULTS FROM ENDOGENOUS RHYTHMS AND LIGHT
By analysing transcript levels in Arabidopsis with microarrays, it can be estimated that from 10 to 30 % of the genes are subjected to diurnal variations in expression [5, 37] . Obviously, plants in their natural habitat are repeatedly exposed to daily variations of light and darkness. Therefore plants have evolved mechanisms to anticipate and prepare for the daily light period, and many diurnal rhythms are part of feedback loops and governed by circadian clocks [38, 39] . However, transcript levels often show clear diurnal variations, but the variations in corresponding protein levels are still modest, certainly depending on the stability of the protein.
Under prolonged darkness, low transcript levels are generally followed by decreased protein levels [40] . Both NR and NIR (nitrite reductase) are well known to show diurnal variations concerning transcript levels. NR shows clear diurnal variations also in protein levels in most plants, with a peak during the first part of the photoperiod [41] . The NR mRNA rhythm appears to depend on a feedback mechanism, since it requires an active NR enzyme [38] . Most probably, products downstream of NR, reduced nitrogen compounds, lead to inhibition of transcription. Such a mechanism has been shown in fungi such as Neurospora [42] . The increase in NR mRNA at the end of the dark period observed in most plants can be caused by decreased feedback inhibition at this time of the day. When light is abruptly turned on in the morning, a sharp peak or over-shoot in NR mRNA within the first hour of illumination is also observed, demonstrating the immediate effect of light in addition to an endogenous rhythm [41] . In fact, a fundamental and interesting problem in separating circadian promoter elements from light-regulated promoter elements became apparent from studies of the CAB (chlorophyll a/b-binding protein) gene [43] .
The genes responding positively to the daily light increase were not generally the same as those genes responding to light treatment of dark-grown seedlings. Approx. one-half of the genes that showed a positive response to light in dark-grown seedlings did not respond to the daily light treatment in rosette-stage leaves [5] . The bZIP transcription factors HY5 and HYH were, however, important for the increase of NR activity during de-etiolation of seedlings as well as for the daily increase of NR activity in 3-week-old green leaves [3] . This is in accordance with daily light effects on NR not only being an effect of sugars/photosynthesis products, but also being influenced by light signals absorbed by phytochrome and mediated through HY5/HYH. But as the different signal transduction pathways have not yet been fully dissected, it is not known if the sugar effect on NR expression may eventually require HY5/HYH.
THE TRX SYSTEM ENABLES PHOTOSYNTHETIC-ACTIVE PLANTS TO RAPIDLY ADJUST METABOLISM TO CHANGES IN LIGHT INTENSITY
To adapt within an adequate time span to changes in the environment, plants also clearly depend on post-translational regulation. In the cytosol, phosphorylation/dephosphorylation is a central mechanism for post-translational modification and, in chloroplasts, redox regulation through the TRX system has evolved to control many reactions and processes. TRXs are small (approx. 12 kDa) ubiquitous proteins in prokaryotes and eukaryotes. The highly conserved active site, WC(G/P)PC contains a disulfide group that undergoes a reversible redox change between disulfide and dithiol states [7] . TRXs are found in chloroplasts, mitochondria and cytosol. Depending on their cellular localization, they are reduced by NADPH or Fd. The latter is the case in chloroplasts and depends on light-driven electron transport [7] . In plants, humans, yeast and Escherichia coli, TRXs serve as electron donors to methionine sulfoxide reductase. In yeast and humans, TRXs serve as electron donors to ribonucleotide reductase, and human TRXs also modify several transcription factors [7] . In all organisms tested, TRXs are part of defence systems against oxidative stress. Higher-plant chloroplasts have long been known to possess two isoforms, TRXm and TRXf. TRXm strongly resembles TRX from prokaryotes, whereas TRXf is restricted to photosynthetic eukaryotic organisms. However, during recent years, many more TRXs were discovered in plants, and 20 TRX genes are known in Arabidopsis, nine of which encode chloroplastic forms [7] . This number is even further increased if active sites different from the classic WC(G/P)PC site, originally found in E. coli, are included [44] . The number of TRXs present in plants is much higher than for Saccharomyces cerevisiae (three TRXs) or human (two TRXs), in agreement with their importance in the control of photosynthesis-related metabolism.
Several enzymes which are important for the formation of reduced dicarboxylates and sugars, and their export from the chloroplasts into the cytosol, are activated through the TRX system [45, 46] . The role of DiT1 (dicarboxylate translocator 1) was studied in transgenic tobacco by exploring the effects of antisense-repressed DiT1. These experiments showed, as expected, that allocation of carbon precursors to amino-acid synthesis in the chloroplasts was impaired, and organic acids accumulated when expression of DiT1 was repressed. The experiments also showed that the rate of nitrate reduction was extremely low in the antisense plants in situ, and since extractable NR activity was higher in the transgenic plants compared with wild-type, substrate limitation was the most probable explanation of restricted in situ nitrate reduction [47] . The concentration of NADH in the cytosol is low, approx. 0.3 μM in wild-type, and could easily become limiting for NR in the antisense plants if DiT1 is important for the export of reducing power from the chloroplast [47] . The substrate nitrate could also become limiting if fresh nitrate were not allocated from the vacuole. However, this is against recent evidence for a homoeostatic nitrate content of the cytosol [2] .
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Chloroplastic enzymes of nitrogen assimilation interact with TRXs
All chloroplastic enzymes of primary nitrogen assimilation, NIR, GS and GOGAT, have been reported by different research groups to be targets of TRX [7] . NIR was pulled out by TRXaffinity chromatography from an Arabidopsis extract [48] , but not in experiments performed with spinach [49] [50] [51] . Apparently no work has been done to investigate the redox regulation of NIR, and enzymatic investigations are needed before NIR can be established as a target for TRX regulation. GS is an ancient enzyme of crucial importance in all organisms and has an important function in the assimilation, metabolism and detoxification of ammonia formed by different biochemical reactions. In animals, GS is located in the cytosol or mitochondria, depending on the type of ammonia detoxification developed in the species. In mammals, the enzyme is localized to the cytosol, and generally in the mitochondria of fish [52] . Also in plants, GS plays a crucial role in the detoxification/reassimilation of ammonia. In fact, the amount of ammonia formed in photorespiration is of a magnitude larger than ammonia formed by NIR in primary nitrogen assimilation. The photorespiratory formation of ammonia takes place in the mitochondria, but its reassimilation is in the chloroplasts of most plants investigated [53] .
Chloroplastic GS (GS2) was identified by several research groups to interact with TRX using affinity columns with different TRXs to retain proteins from chloroplast extracts of spinach or leaf extracts of Arabidopsis [48] . Since GS2 was repeatedly recovered in these investigations, the enzyme is certainly a good candidate for being regulated by TRX. Redox regulation of chloroplastic GS was also demonstrated previously for the heterologously expressed Canavalia lineata enzyme; dithiothreitol was shown to activate the enzyme approx. 2-fold, and mutation of two cysteine residues into serine residues prevented this activation. These cysteine residues are highly conserved in plant (angiosperm) GS2 [54] . The two cysteine residues were not present in the cytosolic C. lineata GS, nor could the cytosolic GS be activated by dithiothreitol [55] .
Arabidopsis mitochondrial GS has been reported [54] . However, in other thoroughly studied species, such as barley, pea, spinach or tobacco, GS activity was found to be present in the cytosol and chloroplasts, but not in the mitochondria [53, 56] . Dark/light effects on Arabidopsis GS activity in mitochondria and chloroplasts were investigated [54] . These experiments showed that GS activity from chloroplasts increased approx. 4-fold, whereas GS activity from mitochondria stayed unchanged after plants had been transferred from darkness to light. Although the evidence for regulation of chloroplastic GS by TRX is strong, Lichter and Häberlein [57] were not able to demonstrate TRX regulation of GS from spinach or soybean chloroplasts.
Fd-GOGAT was not detected in any of the proteomics approaches to identify TRX-interacting enzymes, although this enzyme had been shown previously to be redox-and TRX regulated [57] . In contrast with the Calvin-Benson cycle enzyme FBAse (fructose-1,6-bisphosphate phosphatase), for example, which is inactive in its oxidized state, oxidized Fd-GOGAT still possessed significant activity. Taking into account that nitrogen assimilation takes place during darkness, although at a lower level, this is not unexpected (see below).
CHLOROPLAST SIGNALS INTERACT WITH CONSERVED ELEMENTS OF EUKARYOTIC SUGAR SENSING
NIR, which is located in the chloroplasts, is of prokaryotic origin. Chloroplasts originally evolved from an invading cyanobacterialike prokaryote, and plant NIR is highly homologous with . Activation is triggered by photosynthesis, but the signalling cascades from chloroplasts to cytosol, where NR is located, are not clear. In the dark, NR is phosphorylated at a conserved serine residue in the hinge between the Mo-cofactor-binding domain and haem-binding domain. The phosphorylated form of NR (NR-P) binds 14-3-3 proteins and this complex is inactive or has very low levels of activity. In vitro, both SNRK1 and CDPK (calcium-dependent protein kinase) are known to phosphorylate NR. The SNRK1 kinases are only active when in their phosphorylated state (SNRK1-P). Darkness leads to increased expression of SNRK1.
cyanobacterial NIR. This is in contrast to NR, which is of eukaryotic origin, and is located in the cytosol [58] . During evolution, the prokaryotic NIR gene was transferred to the nucleus, whereas the prokaryotic NR gene was lost [58] . It is possible that a lack of NR in the chloroplast could be advantageous, because nitrite formation in the chloroplast would be avoided, which could lead to an unfavourably high mutation rate in the non-protected chloroplastic DNA by mutagenic nitrite. Although nitrite is transferred into chloroplasts for further reduction, the import into chloroplasts provides another opportunity for tight control of chloroplastic nitrite concentrations, probably involving the PII protein (see below).
NR is activated by a PP2A (-like) protein phosphatase
At the post-translational level, higher plant NR is regulated by phosphorylation/dephosphorylation at a conserved serine residue in the hinge between the domains binding the Mo-and haemcofactors. This has been demonstrated both in vitro [59, 60] and in vivo [61] . Both CDPK (calcium-dependent protein kinases) and AMPK/SNRK (SNF1-related kinase) can phosphorylate NR from different higher plants, at least in vitro [62] [63] [64] [65] . Phosphorylation in itself does not change the activity of NR. However, 14-3-3 proteins and cations, such as Mg 2+ and polyamines, are present, and this complex of phosphorylated NR, 14-3-3 and cations shows low activity in vivo. NR can be re-activated by a protein phosphatase, and different experiments indicate that PP2A is involved [59] (Figure 2 ). Post-translational activation of NR is induced by photosynthesis [66, 67] , but it has still not been determined which or how the signal travels from the site of photosynthesis in the chloroplasts to the cytosol, where NR is located. Possibly the signal from photosynthesis may be a proton flux or sugar compound, but this is still speculation. The effects of photosynthesis on NR activation can easily be mimicked by acid loading of cells, and can be hindered by base loading [29] . Indeed, since the stroma of chloroplasts becomes more alkaline in response to photosynthetic active light [68] , the cytosol, or micro-compartments in the cytosol, may act as a sink for protons. Activation by acid loading has been demonstrated for different species such as spinach or barley [26, 69] or Arabidopsis (C. Lillo, unpublished work). Sugars, e.g. triose phosphates, are also possible signalling molecules from chloroplasts. Sucrose leads to decreased phosphorylation of NR when vacuum-infiltrated into cut barley leaves [67] or when Arabidopsis seedlings are grown on medium containing sucrose [3] . Accumulation of sugar phosphates in a starchless tobacco mutant prevented dark inactivation of NR [70] . Trehalose 6-phosphate is a sugar of special interest, which appears to signal the level of sucrose in the cytosol to the chloroplasts and thereby is involved in the regulation of starch synthesis among many other functions in plants [71] . As discussed by Templeton and Moorhead [72] , the regulation of protein kinases or phosphatases in response to different putative ligands, such as sugars or other metabolites, has hardly been investigated and needs thorough examination in order to understand many signal transduction pathways.
NR kinase is inactivated by a protein phosphatase
PP2A (-like) phosphatases act directly on NR and dephosphorylate the enzyme, but PP2A can additionally act on SNRK1 to inactivate the kinase which would otherwise phosphorylate NR (Figure 2 ). In mammals, increased concentration of AMP in the cell reflects low energy levels, and leads to activation of an AMPK, which then phosphorylates and inactivates enzymes that are part of energy-consuming pathways, i.e. anabolism is decreased. This regulation in relation to energy status appears to be conserved in eukaryotes. Although the plant AMPK homologue SNRK1 is not activated by AMP, there is compelling evidence that SNRK1 has a function in the regulation of gene expression and metabolism in response to energy status in plants [73] . Expression of Arabidopsis SNRKI (KIN10/11) and wheat WPK4 (wheat protein kinase 4), which are AMPK-related kinases, is enhanced in darkness, and inhibited in response to sugar treatment of plant tissue [73, 74] . SNRK1 phosphorylates and inactivates NR, SPS (sucrose phosphate synthase) and HMGR (hydroxymethylglutaryl-CoA reductase) in plants. These phosphorylation steps are likely to result in the inhibition of nitrate assimilation, sucrose synthesis and isoprenoid synthesis respectively [75] . This is in accordance with a role for SNRK1 in promoting the down-regulation of anabolic pathways in plants. To become active, AMPK needs to be phosphorylated at a special threonine residue (Thr 172 ) present in the activation loop. AMP activates AMPK by protecting against dephosphorylation by PP2A and PP2C (protein phosphatase 2C) [76, 77] and also by allosteric activation of the already phosphorylated form [78] . SNRK1 from higher plants is also activated by an upstream kinase and inactivated by PP2A and PP2C [64, 65] . In fact, SNRK1 can be activated by the mammalian AMPK upstream kinase LKB1 in vitro [9] . Furthermore, activation of Arabidopsis NR by acid loading could be partly abolished in vivo by a specific AMPK activator, A-769662 [79] , indicating that a kinase with regulatory properties in common with the mammalian AMPK is involved in NR inactivation in plants (C. Lillo and C. MacKintosh, unpublished work). The effect of A-769662 in plants further stresses the conserved nature of the regulation of AMPK homologues in different organisms, and it will be critical to define the binding site for this compound in both the plant and mammalian enzymes.
NITRATE TRANSPORTERS AND LIGHT
Although literally in the dark, processes in roots are also regulated by light, and sugars transported from shoots to roots have been identified as important for gene regulation in roots [80] . Upregulation of nitrate transporters (NRT2.1 and NRT1.1) was related to the concentration of glucose 6-phosphate. For several higher plant species, it was shown that nitrate uptake is under diurnal regulation. In Arabidopsis, genes tested by Lejay et al. [81] , i.e. NRT2.1 and NRT1.1, showed 5-10-fold higher expression during the light period compared with the dark period. Nitrate uptake, measured using 15 NO 3 − also increased after the onset of light. The increase was approx. two-fold during the photoperiod. The fall in NRT2.1 and NRT1.1 mRNA levels and nitrate uptake during the dark period was prevented by supply of 1 % sucrose to the roots [80] . Although NRT2.1 mRNA levels increased in response to light and sugars, and decreased in darkness, the NRT2.1 protein level stayed surprisingly constant. The protein, therefore, appeared to be only slowly degraded. Since the NRT2.1 gene has been clearly shown to be important for nitrate uptake in Arabidopsis, this indicates some kind of posttranslational regulation of NRT2.1 in response to sugars [82] . The actual nitrate uptake was definitely higher during the light period than during the dark period.
NITRITE TRANSPORT
Not much is known in higher plants concerning the translocation of nitrite into chloroplasts. Diffusion of nitrite into chloroplasts as nitrous acid was long assumed to be a possible mechanism for nitrite translocation. However, taking into account that the concentration of nitrite in the cytosol is very low (in the micromolar and low millimolar range) and pH is approx. 7.5, free diffusion into the chloroplasts could not account for the rate of nitrite being metabolized in chloroplasts [83] . Sugiura et al. [83] recently cloned a proton-dependent oligopeptide transporter gene, CsNITR (Cucumis sativus nitrite transporter) from cucumber, which was shown to transport nitrite in a yeast test system. Furthermore, the Arabidopsis knockout mutants of the homologous gene (At1g68570) accumulated 5-9 times more nitrite compared with wild-type, showing that further metabolism of nitrite was hampered in these mutants [83] . Expression analysis of the CsNITR gene showed that transcription was induced during greening of seedlings, suggesting that function of the gene is coupled to photosynthesis, and CsNITR was much more strongly expressed in leaves compared with roots of cucumber seedlings exposed to continuous light for 7 days [83] .
PII regulates intracelluar nitrite translocation in plants
The PII network is an ancient regulatory network and is present in bacteria, archaea and eukaryotes [72] . However, for eukaryotes, such a protein has not been reported for fungi or animals, only for plants. In E. coli, PII is uridylylated in response to high glutamine concentrations, binds 2-oxoglutarate and ATP, and is able to serve as a nitrogen/carbon/energy sensor. Overall, in E. coli, PII is converted into different forms in response to the concentration of nitrogen and carbon compounds and acts both at the transcriptional and post-translational levels to regulate synthesis and activity of glutamine synthetase [72] . In cyanobacteria, PII is phosphorylated, not uridylylated, but binds ATP and 2-oxoglutarate as in E. coli. Cyanobacterial PII is involved in both regulation of nitrite/nitrate uptake and acts as a global transcription factor of nitrogen metabolism [84] . Phosphorylation of PII depends on the nitrogen source in cyanobacteria. Ammonia as a nitrogen source yields non-phosphorylated PII, whereas culture with a less preferred nitrogen source, such as nitrate, causes phosphorylation of PII [85] . In both E. coli and cyanobacteria, reduced nitrogen is the preferred nitrogen source. In most plants, for example Arabidopsis, reduced nitrogen is not preferable to nitrate, and PII logically should perform some different tasks in plants. The plant PII was first discovered in Arabidopsis, and is a nuclear-encoded chloroplastic protein [86] . Evidence for uridylylation or phosphorylation has not been found in plants, but the plant protein binds ATP and 2-oxoglutarate [85] . The PII-knockout plants do grow like wild-type plants, but under certain conditions they show a different phenotype; seedlings growing on nitrite are more sensitive to the toxic effects of nitrite than wild-type [11] . It appears that, as for cynaobacteria, plant PII is involved in the regulation of nitrite uptake. This is underpinned by experiments with isolated chloroplasts from an Arabidopsis PII-knockout plant, which showed increased nitrite uptake in the light compared with wild-type [88] . The PII system has several regulatory functions in plant chloroplasts, but the full picture remains to be revealed. The decrease in nitrite uptake by PII could be a regulatory mechanism that assures that nitrite never reaches high concentrations in chloroplasts, which could lead to an increased mutation frequency in the chloroplastic genome.
NITROGEN ASSIMILATION PROCEEDS AT A CONTROLLED, REDUCED RATE IN THE DARK
The incorporation of 15 N from nitrate into the basic fraction (NH 4 + , amino acids) in leaves in light and darkness has been studied in many different plants. Reed et al. [89] examined five different species and found that reduction of nitrate in leaves in the dark varied from 9 to 63 % compared with values from leaves in the light. Also, for a single species, values reported showed large variations. For example, for tobacco, dark values were 16, 33 and even 100 % of light values in different reports [89] . For Nicotiana plumbaginifolia leaves, assimilation in the dark was approx. 50 % of light values [90] . Although dependent on species and various conditions, these investigations show that plant leaves are generally found to also assimilate nitrate in the dark, but at a lower rate than in the light. This requires a switch from the use of electrons directly from photosynthetic electron transport to use of electrons from NADPH generated during oxidation of organic compounds. This switch apparently also involves a change between isoforms of Fds used for electron transfer to enzymes for nitrogen metabolism. Fds are small (approx. 10 kDa) soluble electron-carrier proteins in the chloroplasts, which transfer electrons by help of FNR (Fd:NADPH oxidoreductase) for reduction of NADP + to NADPH for use in the Calvin-Benson cycle. Fds also transfer electrons to TRXs, NIR and GOGAT. Generally, plants have root-specific and shoot-specific Fds. Arabidopsis has two shoot-specific Fds, AtFd1 and AtFd2. AtFd2 is the dominating Fd in leaves and comprises approx. 90 % of the total Fd. AtFd1 and AtFd2 have redox potentials of − 425 and − 422 mV respectively and receive electrons from photosynthetic electron flow [91] . In contrast with AtFd1 and AtFd2, AtFd3 has a less negative redox potential (− 337 mV), and can be reduced by NADPH. Interestingly, this so-called root-specific AtFd3 is also present in leaves, and destined to be important for nitrogen assimilation during darkness, since it can be reduced by NADPH formed in the oxidative pentose-phosphate pathway. On the basis of redox potentials, it is also clear that AtFd3 can transfer electrons to NIR and GOGAT, but not to TRXs. The redox potentials for Fd3, therefore, is compatible with transfer of electrons to NIR and GOGAT in the dark, but not with activating the Calvin-Benson cycle enzymes or chloroplastic MDH (malate dehydrogenase) [92, 93] . (A) Fd, mainly Fd2 in Arabidopsis, is reduced by photosynthetic electron transport. Fd reduces TRXs (TRX red ), which reduce and activate enzymes of the Calvin-Benson cycle, and probably also reduces GS2 and GOGAT. MDH (malate dehydrogenase) is activated by reduced TRX, promoting formation of malate that can be exported to the cytosol and, together with reduced triose phosphate (triose-P), provides reducing power for NR. Photosynthesis leads to dephosphorylation and thereby activation of NR in the cytosol (see Figure 2) . Ammonia released in the mitochondria during photorespiration is recycled into the chloroplasts as ammonia or possibly glutamine. Carbon skeletons for amino-acid synthesis are provided by the Calvin-Benson cycle and modified by reactions in the mitochondria and/or cytosol. Flux of NO 3 − into the cell is increased in response to light. Nitrate is reduced by NR or transported into the vacuole for storage. (B) Fd, Fd3 in Arabidopsis, is reduced by NADPH produced in the oxidative pentose-phosphate cycle. The reduction potential of Fd3 is too high for reduction of TRXs, but sufficiently low to providing GOGAT and NIR with reducing power. GS2 and GOGAT are transformed into less active forms. NR in the cytosol is phosphorylated, which leads to decreased activity. The flux of NO 3 − into cells is decreased in darkness, and NO 3 − from the vacuole can be mobilized and reduced. FNR, Fd:NADPH oxidoreductase. NITR, nitrite transporter; NRT, nitrate transporter, TRX ox , oxidized TRX.
When plants are transferred from light to darkness, or light intensity is rapidly diminished, photosynthetic electron transport will stop, and NIR will no longer be supplied with reducing power through photosynthetically reduced Fd. Unless nitrate reduction in the cytosol and further reduction of nitrite in the chloroplasts were tightly correlated, the abrupt halt in supply of reducing power to chloroplastic NIR would result in the accumulation of nitrite, which could easily lead to toxic effects. Several mechanisms appear to be important for co-ordinated nitrate and nitrite reduction. As mentioned above, NR is deactivated by phosphorylation after a light-to-dark shift, and this appears to be important for establishing a new steady-state level of nitrate reduction in the leaf. However, deactivation of NR usually takes 10-20 min [6] , and is in fact slower than deactivation of TRXregulated enzymes [67] . Furthermore, even in transgenic plants possessing a completely deregulated NR, which is no longer inactivated by phosphorylation, transfer to darkness did not result in accumulation of nitrite, except when very high nitrate concentrations were fed to the plants [61, 94] . Since the supply of reducing power from photosynthesis through shuttle mechanisms are rapidly brought to a halt in response to darkness, NADH limitation of nitrate reduction is probable, at least until metabolism has fully switched into the dark-adapted state. This is supported by the work of Schneidereit et al. [47] , who showed that the in situ rate of nitrate reduction was extremely low in plants with a repressed dicarboxylate shuttle (use of antisense DiT1), despite extractable NR being present at a higher level than in wild-type plants.
Concomitantly with enzymes involved in carbon fixation being oxidized and deactivated by the TRX system, key enzymes of the oxidative pentose-phosphate pathway are also oxidized, but thereby activated. Hence a different supply of reducing source for AtFd3 and NIR is established, although at a lower rate than through direct photosynthetic electron transport. In summary, these different processes appear to provide a mechanism for rapid adjustment and establishment of a new steady-state balance between nitrate and nitrite reduction (Figure 3 ).
OUTLOOK
Important progress has been made in phytochrome-mediated light signalling, but many intermediates in these pathways are still unknown. For example, in Arabidopsis, HY5/HYH are necessary for phytochrome-dependent signalling to the NR gene (NR2), but not for several other genes involved in nitrate assimilation [3, 22] ; hence more downstream factors of light receptors await identification. Interactions between phytochrome signalling and other light-driven processes (photosynthesis) is an active field of research [95] which should lead to a better understanding of crosstalk between signalling pathways. By the increasingly efficient methods of protein tagging and MS, it has become feasible to also reveal the post-translational modifications of kinases and phosphatases involved in response to light/darkness, which will be of key importance for understanding signal transmittance. Investigations into the effects of small compounds, for example, metabolites putatively acting as messengers from chloroplasts, is necessary to understand the co-ordination between cytosol and chloroplasts. This field is still little explored. Light activation of intracellular translocation of nitrate and nitrite was first suggested decades ago [96] . With the identification of transporters for nitrate and nitrite in the vacuole and chloroplast membranes respectively, rapid progress concerning light/dark effects on intracellular translocation can now be expected [12, 83] . The description of the light-dependent signal-transduction chains leading to enhanced nitrate assimilation in plants is still fragmentary, but as more details become known in the future, a quantitative approach to modelling should be achievable.
